The potential efficacy of energetic,
ions/second at the patient. Because this research is best conducted in a dedicated, hospital-based facility, and because of the clinical need for ultra-high reliability, the construction of new and dedicated facilities has been proposed. Heavy ion accelerators can provide a variety of ions and energies, permitting treatment plans that exploit the properties of the ion best suited to each individual treatment, and that employ radioactive beams ( facilities optimized for, and dedicated to, the pursuit of biomedical research and the related clinical programs. Proposals for dedicated heavy ion (mass 4 and higher) facilities are being pursued most actively in the US, at the Lawrence Berkeley Laboratory (LBL), and in Japan, at the National Institute for Radiological Sciences (NIRS). [1, 2] There are, in addition, proposals for new light ion (mass 4 and lower) dedicated medical facilities, but these are not the subject of this paper.
A primary advantage of charged particle radiotherapy is that it offers a precise delivery of radiation to the tumour while, at the same time, minimizing the dose to surrounding healthy tissue or nearby critical structures. In addition, the biological effectiveness of heavy ion radiation, particularly in the Bragg peak, is higher per unit dose than for conventional x-rays treatments. Table 1 summarizes the basic parameters for three of the most detailed Medical Accelerator designs. lhough driven by a common set of requirements, the actual accelerator designs were developed independently. The MARIA design drew heavily from a worldwide base of accelerator expertise, and, unlike the others, is not a dedicated facility -rather one to be shared between biomedical and nuclear science interests. Nevertheless, the similarity of features and design parameters among all three designs is quite striking. The proposed sites for all three place them in a hospital or medical research envi ronment.
Injector
A schematic layout of the LBL injector design is shown in Figure 1 . The PIG source/RFQ/Alvarez combination, particularly for low duty factor, heavy ion applications such as this, offers proven and reliable technology with flexibility to switch rapidly between ion species. The PIG produces high ion currents from both solid and gaseous source feeds. Using a sputter at several injectors used for production research, eliminate the need for Cockcroft Walton preaccelerators, and are particularly easy to maintain and operate. Furthermore, they permiit the source to be maintained on a voltage platform less than 100 kV, greatly facilitating source access. The Alvarez linacs are of traditional design. Average power consumption is modest and reliability requirements are more easily satisfied because of the low duty factor, typically less than 0.1%. In all injector designs, two foil strippers are used to raise the charge state.
The injector output energy must be high enough that fully stripped ions can be efficiently produced at the final stripper.
The required intensity for silicon at the exit of the injector in the LBL design is 26 pVA. Higher intensities will be available for lighter ions.
Synchrotron
The NIRS lattice utilizes 24 dipoles, each 1.5 m in length, and operating at a maximum of 1.4 tesla. There are also 24 quadrupole magnets each 0.3 m long, 12 long straight sections, and 2 RF cavities. The MARIA synchrotron is a virtual copy of the Saturne II ring. A layout of the ring developed in the LBL design study is shown in Figure 2 . In this design injection is done vertically and in a single turn, using a septum magnet and ferrite-loaded fast kicker. The single turn injection simplifies the operation and fast switching of ion species, and leads to a compact, energy-efficient aperture requirement in the magnets. A 1.6 tesla guide field is provided in the curved dipole shown in In both modes the rate of rise is 16 tesla/second. In One of the more ambitious schemes, taken from the MARIA study, is represented in Figure 5 .
Horizontal ports are available in two of the three treatment rooms, one of which also has a vertically downward beam. The third room has a pair of ±45 degree oblique ports. of transport system taken design study.
XBL For some clinical applications, small beams are desirable, but for others, it is necessary to expand the beam to uniformly cover large areas. Circular fields of 30 and 40 cm diameters are frequently required, with a uniformity of a few percent. Magnetic deflection techniques can be used to achieve this using two orthogonally-deployed dipoles. Together-with suitable range adjustment schemes, they can be programmed to scan the beam in a raster or circular pattern so the entire target volume receives the prescribed dose. These techniques place limits on the uniformity of the beam spill and on the duty factor. In addition, they require a drift distance to the patient of 5 or more meters. A special room is provided for radioactive beam work and radiographic diagnosis. Again there is an attempt to keep the patient activities separate from the operations and research staff.
Construction and Operating Costs
The direct costs of facilities like those proposed by LBL and NIRS is in the neighborhood of 75 M 1985 US dollars. This figure includes a multi story building structure that provides some 11,000 m2 gross floor area. Nearly half of this total cost is in the building structure and conventional facilities, and special site considerations, or unusual architectural standards could substantially alter this figure. A construction period of 4 to 5 years is anticipated in both proposals.
Concluding Remarks
None of the proposals discussed in this paper have been funded for construction at this time. However, proponents at NIRS and at LBL are actively pursuing plans to secure this funding in order that their research activities can be pursued on new facilities beginning in the early 1990's.
While much of the accelerator technology associated with these machines is not on the traditional frontiers of accelerator science, there are numerous interesting special problems and challenges in planning for these new facilities. These areas include control systems technology, reliability engineering, and the development of improved methods of treatment beam delivery.
[31 MARIA Design Symposia, Of this, about 40% is payroll expense, 30% is for power, and the remainder for miscellaneous supplies and expenses. For an additional 35% in operating costs, the accelerators could provide 4000 operating hours per year (80 hrs/week). 
